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We study the P- wave charmed baryons using the method of QCD sum rule in the framework of 
heavy quark effective theory (HQET). We consider systematically all possible baryon currents with 
a derivative for internal p- and A-mode excitations. We have found a good working window for the 
currents corresponding to the p-mode excitations for A c (2595), A c (2625), E c (2790), and E c (2815) 
that complete two SU( 3) 3f multiplets of J p = 1/2“ and 3/2while the currents corresponding 
to the A-mode excitations seem also consistent with the data. Our results also suggest that there are 
two E c (2800) states of J p = 1/2“ and 3/2“ whose mass splitting is 14 ±7 MeV, and two E c (2980) 
states whose mass splitting is 12 ± 7 MeV. They have two fl c partners of J p = l/2~ and 3/2“, 
whose masses are around 3.25 ± 0.20 GeV with mass splitting 10 ± 6 MeV. All of them together 
complete two SU(3) 6f multiplets of J p = 1/2“ and 3/2~. They may also have J p = 5/2~ 
partners. S c (3080) may be one of them, and the other two are E c (5/2 _ ) and fl c (5/2 _ ), whose 
masses are 85 ± 23 MeV and 50 ± 27 MeV larger. 
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I. INTRODUCTION 

In the past years important progress has been made in the field of heavy baryons. All the ground state charmed 
baryons containing a single charm quark have been well established both experimentally and theoretically [!}. The 
lowest-lying orbitally excited charmed states A c (2595) (J p = l/2 — ), A c (2625) (J p = 3/2 _ ), S c (2790) (J p = 1/2 - ) 
and S c (2815) (J p = 3/2 _ ) have been well observed by several collaborations and complete two SU(4) 4 multiplets [U- 
Besides them, several P-wave charm baryon candidates X c (2800) (J p =? ? ), H c (2980) (J p =? ? ) and S c (3080) 
(J p =? ? ) are also well observed by the Belle and BaBar collaborations [6 h 9|], and more data are expected in the near 
future. 

These heavy baryons are also interesting in a theoretical point of view [lol - IT2l | . The light degrees of freedom (quarks 
and gluons) circle around the nearly static heavy quark, and the whole system behaves as the QCD analogue of the 
familiar hydrogen bounded by electromagnetic interaction. In the past two decades, various phenomenological models 
have been used to study heavy baryons, including the relativized potential quark model (l3| . the Feynman-Hellmann 
theorem [Til . the combined expansion in 1 /mo and 1/N C [l5j . the relativistic quark model fl6| , the chiral quark 
model [l7|. the hyperfine interaction [H, [l9|, the pion induced reactions [20|, the variational approach [21,] , the 
Faddeev approach [22i |. the constituent quark model jJU, the unitarized dynamical model |24[, the extended local 
hidden gauge a pproach j25j , the unitarized chiral perturbation theory [26j, etc. There are also many Lattice QCD 
studies ^3>]28[; see a recent reference for more details (29]. 
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paryons using the method ot ytJJJ sum rule sa in the 
framework of the heavy quark effective theory (HQET) [32 - 34 This method has been successful for studying heavy 


In this paper we shall study the P- wave charmed baryons using the method of QCD sum rule 


mesons containing a single heavy quark, as done in Refs. 35 |- 45 | . Recently, we applied it to study D- wave cs heavy 
mesons in Ref. I Kij . This method has also been successful for studying heavy baryons containing a single heavy quark, 
as done in Refs. 1 7H56| . Particularly, we have applied this method to systematically study the ground state bottom 
baryons in Ref. [571 ] . and we found that the extracted chromonragnetic splitting between the bottom baryon heavy 
doublet agrees well with the experimental data. We note that some studies using the method of QCD sum rules not 
in HQET but in full QCD can be found in Refs. [58l - l6l| . In this paper we shall follow the procedures used in these 
references, and systematically study the P -wave charmed baryons. We shall also consider the 0(1/mo) corrections 
and extract the chromomagnetic splitting, with toq being the heavy quark mass. 

This paper is organized as follows. In Sec. El we systematically construct the interpolating currents for the P- wave 
charmed baryons. Then in Sec. Mil we use one of them as an example to perform the QCD sum rule analysis at the 
leading order, and in Sec. IIVI we still use it as an example to perform the QCD sum rule analysis by taking into 
account the 0(1 /toq) corrections. In Sec. |V]we summarize and discuss our results. 


II. INTERPOLATING FIELDS FOR THE P-WAVE CHARMED BARYON 


The P- wave charmed baryons have been systemically classified in Ref. [62|, where the strong decays of heavy 
baryons were investigated systematically using the 3 Pq model. In this paper we classify the P- wave charmed baryon 
interpolating fields using the same notations, i.e., l p denotes the orbital angular momentum between the two light 
quarks and l\ denotes the orbital angular momentum between the charm quark and the two-liglit-quark system. To 
describe these structures using interpolating fields, we can use either local fields or those containing derivatives [53l — 
|56| . In this paper we use the latter ones, because they can describe the inner structures of charmed baryons in a more 
clear way. 

Generally, the interpolating field for charmed baryons can be written as a combination of a diquark field and a 
heavy quark field 

J{x) ~ e abc (q aT (x)CT iq b (x)) T 2 h c v (x). (1) 

We note that the derivatives are not explicitly shown in this equation, a, b and c are color indices, and e a bc is the 
totally antisymmetric tensor; the superscript T represents the transpose of the Dirac indices only; C is the charge- 
conjugation operator. q(x) is the light quark field at location x, and it can be either u(x) or d(x) or s(x). h v (x) is 
the heavy quark field, and we have used the Fierz transformation to move it to the rightmost place. 



FIG. 1: The SU( 3) flavor multiplets of charmed baryons. 

There are two “good” S- wave diquark fields. One is 

e abc q aT (x)C"/ 5 q b {x), ^So], (2) 

which has quantum numbers jp l = 0 + . It has orbital angular momentum l p = 0, so its orbital degree of freedom is 
symmetric (S); it has spin angular momentum si = 0, so its spin degree of freedom is antisymmetric (A); it has the 
antisymmetric color structure 3q (A). Therefore, it should have the antisymmetric flavor structure (A) due to 
the Pauli principle, although this is not shown explicitly (see the right panel of Fig. [I]). The other S- wave diquark 
field is 


e a b c q aT (x)<C'y ll q b {x ), [ 3 Si], 


( 3 ) 
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which has quantum numbers jp l = 1 + , l p = 0 (S), si = 1 (S), color 3c (A) and flavor 6p (S) (see the left panel of 
Fig. [U). 
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FIG. 2: The notations for P -wave charmed baryons. 6p (S) and 3p (A) denote the SU( 3) flavor representations. 3c (A) 
denotes the SU(3) color representation, si is the spin angular momentum of the two light quarks, and ji = l\ ® l P ® si is the 
total angular momentum of the two light quarks. 


The P -wave diquark fields can be obtained by adding a derivative to these S'-wave diquark fields, either between 
the two light quarks [l p = 1 (A) and l\ = 0], or between the charm quark and the two-light-quark system [l p = 0 (S) 


and Za = 1]: 

e abc (jD l 'q aT (x)}C'y 5 q b (x) - q aT {x)C'y 5 [V'q b (x)]^ , [ 3 P 0 ], l P = 1 (A), l x = 0 , (4) 

e abc ([D u q aT (x)]C~/ IJ ,q b {x) - q aT (x)C'y fl [W'q b (x)]') , pPil/^Pol/fPi ], l p = 1 (A), l x = 0 , (5) 

e a bc([P''q aT {x)}C'y 5 q b (x) + q aT (x)C'y 5 [V l 'q b {x)] S ) , ^So], l p = 0 (S) , l x = 1 , (6) 

e a bc(\V'q aT {x))C-f p q b {x) + q aT {x)Cj p [V'q b (x)pj , [ 3 Si] , l p = 0 (S) , l x = 1 , (7) 


where = cP — igA M is the gauge-covariant derivative. They can be further used to construct the P -wave charmed 
baryon fields J ■ p f j/sYp/A’ w here j, P, and F denote the total angular momentum, parity and SU{2>) flavor represen¬ 
tation (3p or 6p) of the charmed baryons; ji and si denote the total angular momentum and spin angular momentum 
of the light components; p denotes l p = 1 and l\ = 0, while A denotes l p = 0 and l\ = 1. We have the relations 
ji = l\®l P ®si and j = ji (g> sq, where sq = 1/2 is the spin of the heavy quark. The results are summarized in Fig. [2] 
while their explicit forms are the following: 

(1) l p = 1 (A) and l\ = 0: 

(1-a) si = 0 (A). We denote this case as [6p, 1, 0, p]. Now the diquark has quantum numbers ji = l\ ® l P ® Sz = 1, 
color representation 3c (A), and flavor representation 6p (S). The total angular momentum of the charm 
baryon is j = ji <g) sq = 1/2 © 3/2, so we obtain a doublet ( j p = 1/2 - , 3/2 _ ): 

J 1/2 ,-,6 F ,i,o,p = i£abc(\Ptq aT ] c ibq b - q aT C'y 5 [Ptq b ]) itisK . ( 8 ) 

J 3/2,-,6 F ,l,0,p = ^abc{[PU aT ] C l5q b - q aT C^[Pt^]){9t^ ( 9 ) 

where y/ 1 = y M — — (D ■ v)v tl , h v is the heavy quark field in HQET, v is the velocity of the 

heavy quark, and <?“ ia2 = g aiOL2 — v ai v a2 is the transverse metric tensor. 

(1-b) si = 1 (S) and ji = 0. We denote this case as [3p, 0,1, p]. Now the diquark has color 3c (A) and flavor 3p 
(A), and we obtain a baryon singlet (1/2 - ): 


J 


l/2,-,3 F ,0,l,p 


'Itabc 


[VU aT )C^q b - <f T C'yjt['D?q b ])h° v . 


( 10 ) 
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(1-c) s; = 1 (S) and ji = 1. We denote this case as [3f, 1,1, p\. Now the diquark has color 3c (A), and flavor 3 f 
(A), and we obtain a baryon doublet (l/2“,3/2 _ ): 


= ie abc (pDU aT ]CiU b -q aT crAvU b ])<K, 

J Z/2,-,3 F ,i,i, p = iea b c([V? q aT }Ctf q b - q aT Crt[V?q b )) 

X It is - gt V ltl 5 ~ ■ 


( 11 ) 

( 12 ) 


(1-d) si = 1 (S) and ji = 2. We denote this case as [3f, 2,1, p]. Now the diquark has color 3c (A) and flavor 3f 
(A), and we obtain a baryon doublet (3/2“, 5/2“): 


T a 

J 3/2,—,3 f ,2,1 ,p 
jCX.lCX.2 

o/2,—,3 p ,2,1,/j 


(2) l p = 0 (S) and l\ = 1: 


ie abc ([V?q aT }Crtq b -q aT Crt[D?q b ]) x (^75 + «75 - K , (13) 

ie abc ([D^ q aT ]c 1 rq b - q aT c-/t 2 [V^q b ] + [vr q aT \c 1 rq b - q aT c 7/ 1 [25?V] (14) 

-\g? a '!g v x ipU aT ]Ci v t q b - q aT CYt\vU b ]))K • 


(2-a) s; = 0 (A). We denote this case as [3f,1,0,A]. Now the diquark has quantum numbers ji = 1, color 3c 
(A) and flavor 3 f (A), and we obtain a baryon doublet (l/2 _ ,3/2 _ ): 

J 1/2 -,3f,i,o,a = ie abc (jD^ q aT ]C^ 5 q b + q aT C^ 5 [V^q b }^^j 5 hl, (15) 

Js/ 2 ,-, 3 Fi i,o,a = ita b c([DU aT ]Clsq b + g aT C 75 [25 t V]) ( 97 . (16) 

(2-b) si = 1 (S) and ji = 0. We denote this case as [6f, 0,1, A]. Now the diquark has color 3c (A) and flavor 6f 
(S), and we obtain a baryon singlet (1/2 - ): 

A/2,-,6 f ,o,i,a = ie abc ^ q aT }C^ q b + q aT C^[V^ q b })h c v . (17) 


(2-c) si = 1 (S) and ji = 1. We denote this case as [6f, 1,1, A]. Now the diquark has color 3c (A) and flavor 6p 
(S), and we obtain a baryon doublet (l/2 _ ,3/2“): 


■A/ 2 , —,6f,1,1,A 

= itabc ([25/ q aT } CH q b + q aT C 7 / [25/ q b }) of" h c v , 

(18) 

ja 

■'3/2, —,6 f ,1,1,A 

= ie abc ([D?q aT }Crtq b + 9 ^ 7 /[25/g"]) 

(19) 


x ( 5 ^ 7/75 - 9t v iti b - ^ 7 / 7 / 7/75 + ■ 



(2-d) si = 1 (S) and ji = 2. We denote this case as [6f, 2,1, A]. Now the diquark has color 3c (A) and flavor 6 p 
(S), and we obtain a baryon doublet (3/2 _ ,5/2 _ ): 


ja 

-'3/2,-,6 F ,2,l,A 

jCX.\OL2 

o/2, —,6 f,2,1,A 


iea b c([V?q aT }Ctfq b + q aT C 1 ttV?q b }) x (^75 + ^75 - \g?- 7 °' 7 b )K , (20) 
ie ahc ([V^q aT Wq b + q aT Ctf 2 [D?'q b ] + [V^q aT }C^q b + q aT C 7/ 1 [D^q b ] ( 21 ) 

-^r a2 <r x ([^g aT ]C7r9 h +9 aT c7r[^9 h ]))^- 


We note that all these interpolating fields have been projected to have either j = 1/2 or j = 3/2, except ./“/// ^ 9 1 p 
and J^ 2 - 6 F 2 i A 1 which contain both j = 3/2 and j = 5/2 components. 

Identical sum rules can be obtained using either Ji/ 2 .-. 6 F ,i,o,p or ^ 3/2 - 6 F 1 0 p i n Ihe same doublet, both at 
the leading order and at the 0(1/mQ ) order [4ll - l43l [45j |. We note that actually there are small and negligible 
differences. So do other currents in the same doublet. Accordingly, we do not need to use all of them to perform QCD 
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sum rule analyses. In this paper we use J 1/2 ,-,6 F ,i,o, pi "A/ 2 ,-, 3 f ,o,i, P : Ji/ 2 -, 3 f ,i,i, p , J 3 / 2 ,-. 3 f , 2 ,i, P ’ j i/ 2 ,-, 3 f ,i,o,a, 
^i/ 2 ,-, 6 f ,o,i,a> >^i/ 2 ,-. 6 f ,i,i,a and Jy 2 _ 6 F 2 i a P er f° rm QCD sum rule analyses and study the baryon multiplets 
[6 f, 1,0, p], [3 _f, 0,1, p], [3f, 1,1, p], [3f,2, l,p], [3f,1,0, A], [6^,0,1, A], [6f, 1,1,A] and [6_p,2,l,A], respectively. 

Before performing sum rule analyses, we need to explicitly write out the quark contents contained in these currents. 
This can be easily done according to Fig. |T| We use similar symbols to denote them based on previous symbols 
pj~l / [ 2 p /x( x ) an d [F, ji, si,p/X), just with 6p replaced by £ c , S'., and fl c , and 3 p replaced by A c and 3 C . For 
example, Ji/ 2 ,-,h c ,i,i,p is used to denote J 1 / 2 ,-, 3 f ,i,i, p with quark contents use (or dsc ): 

= ie abc {[V^u aT ]C^s b -u aT C^n^s b ])arK. ( 22 ) 

In the following sections we use this current as an example to perform the QCD sum rule analysis and study the 
baryon doublet [S c , 1, l,p] containing 5 c (l/2“) and S c (3/2 _ ). 


III. THE SUM RULES AT THE LEADING ORDER (IN THE m Q ->• 00 LIMIT) 


In the previous section we have classified the P-wave charmed baryon interpolating fields, and in this and the next 
sections we use them to perform QCD sum rule analyses. When classifying these fields, we have taken into account 
their inner structures by fixing their inner quantum numbers ji, Si , l p , and l\. However, the physical state may be 
a mixed state containing components of different inner quantum numbers. If this is the case, different currents can 
well couple to the same physical states. For example, the observed £ c (2800) state ( J p = 1/2 - ) may contain both a 
p component (l p = 1 and l\ = 0) and A component (l p = 0 and l\ = 1), and then the two currents J 1 / 2 ,— s c ,i,o, P an d 
J\l 2 ,—,s c ,i,o,A may both well couple to it. 

We keep this in mind, but at the beginning we can always assume different currents couple to different states. We 
use |j, P, F, ji, si, p/A) to denote the heavy baryon state with the quantum numbers j, P, F and the inner quantum 
numbers ji , si, and p/X in the mQ —>• 00 limit, and assume that the relation between this state and the relevant 
interpolating field is 


(0| J\/2,P,F,ji ,si , P /A i.F] 11/2, P, P, jl. Si, p j A) f 1/2,P,F,ji ,si , P /A^'(*^) > 
(°\ J 3/2,P,F,j l ,si,p/\( X )\ 3 / 2 ’ P ’ F ’jl’ S l’P/ X ) = f3/2,P,F,j hSl ,p/\U a (x) . 


(23) 

(24) 


In these equations fj,p,F,j t ,si, P /x is used to denote the decay constant, which has the same value for the two states in 
the same doublet in the itiq —> 00 limit. u{x) and u a {x) are the Dirac and Rarita-Schwinger spinors, respectively. 
These currents can be used to construct the two-point correlation function 


U j,P,FJi,si , P /A W) 


d 4 xe 


ikx 




s \ a ? 101 ■ ■ ■ a y - i/2 ^ j - i/2 1 


(25) 


In this equation u> is used to denote twice the external off-shell energy, to = 2v ■ k, and §[• • •] is used to denote 
symmetrization and subtracting the trace terms in the sets («i • • • a J _ 1 / 2 ) and (/3\ ■ ■ ■ /3^_ 1 / 2 )- We can write Eq. C5l) 
at the hadron level as 




f 2 

J j,P,F,Jl,si, P /\ 


2A 


j,P,F,ji,si, P /\ 


higher states. 


(26) 


In this equation J^j.p.F.j,.si, P /\ is defined to be 

■A- j,p,F,ji,si, P /x — lim ( m j,p,Fji,si, P /x ~ m o) j 


(27) 


where mj,p,F,ji,s t , P /X is used to denote the mass of the lowest-lying heavy baryon state to which J^p //p/ a( 2; ) 
couples. 

We can also use the method of QCD sum rule [4ll-i43l to calculate Eq. K5l) at the quark and gluon level. Here 
we use Ji/ 2 ) _ i e C) i ) i )P as an example. We first insert Eq. (E^l) into Eq. (ESl) . then perform the Borel transformation, 
and finally obtain 


ni/2 tS ,s c ,i,i, P (wc,r) — /| 


: ,i,i, P c 


— 2 As 


o/T 


(28) 
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r r 3 , 

J2m s 4480tt 4W 
(g s qcrGq)(ss} 


+ 


5 _ w/T _ Smsjqq) ^ 3tos(ss) 4 _ (g|GG) 4 3ro|(g|GG) 2 

1287r 4W 6 W 47r 2 27 t 2 647t 4 2567t 4 

(g s saGs)(qq) m, s (ss)(g 2 GG) (g s qaGq)(g s saGs) 1 

4 128tt 2 8 T 2 ' 


We note that in the calculations the software Mathematica with a package called FeynCalc is used 63]. Sum rules for 


other currents with different quark contents are shown in Appendix. [A] In these equations the radiative corrections 
as well as the difference between up and down quarks are not taken into account in order to simplify our calculations. 
We also note that we put the condensates out of the integration to be consistent with Ref. 11 1 M l. 'll . 1151 . We can also 
put them inside the integration, but the obtained results are just slightly different from the current results. The 
condensates and other parameters contained in these sum rules take the following values [U, MM E HM3 : 


(gg) = ( uu) = (dd) = —(0.24 GeV) 3 , 

(ss) = (0.8 ±0.1) x (qq), 

(g 2 s GG) = (0.48 ± 0.14) GeV 4 , 

m s = 0.15 GeV, (29) 

(. g s qaGq) = Mq x (qq) , 

(, g s saGs ) = Mq x (ss) , 

Mq = 0.8 GeV 2 . 


Finally, we differentiate Log[Eq. (l28l) ] with respect to [—2/T] to obtain A j }P}F j l}SltP /x, 


^-j,P,F,j l ,si,p/\( u} CTT) — 


d(—2/T) >P/A ( W C! T) 

nj,P,F,ji,si,p/A( w c, T) 


(30) 


and use it to further evaluate 


fj,p,F,ji,si,p/\(uc T) — v/n :) ' i p i F,j i ,s 1 ,p/A( w c, T) x e 3,p,F,n,s t ,p/x( => )/ _ 


(31) 


As noted above, the two currents in the same doublet give identical sum rules at the leading order, so we have 
A-jl-\-l/2,P,F,j t ,si,p/\ = ^\ji-l/2\,P,F,ji,si,p/X- Moreover, the P -wave charmed baryons always have a negative parity. 
To slightly simplify our notations, we use another symbol A F,ji,s t ,p/x to denote them. Similarly, we use the symbol 
m F,ji,si, P /\ to denote uij I + 1 /2,p,p,j i , Si ,p/A an( 4 'W\j l -i/2\,p,F,ji,s l ,p/\i an( 4 fF,j t ,si,p/\ to denote / 3! +i/2,p,p,j i ,s i ,p/A an( 4 
f\j,-i/ 2 \,p,F,ji,si,p/\- This is also “true” for those currents contained in baryon singlets. We note that we work at the 
0(l/mg) order in the next section to differentiate the two currents within the same doublet. 

Then we start to perform the numerical analysis, and we have altogether three criteria. The first criterion is to 
require that the high-order power corrections be less than 30%: 


Convergence (CVG) = | 


n 

n 


high-order / rp\ 

j,P,F,il,si,p/ A^V > 

j,P,F,jt,si,p/\(Uc,T) 


| < 30%, 


(32) 


where II^ I p p ,° r ^® r ^ A (a; c ,T) is used to denote the high-order power corrections, for example, 


T-rhigh—order / rj-i\ 3m s (qq) 4 3m s (ss) 4 (g 2 GG) 4 3 m 2 s (g 2 s GG) 2 
n i/2 ,-,H c ,i,i,pK,T) - 4^2 T T + 25 6 7 t 4 t 

(g s qaGq)(ss) t (g s scrGs)(qq) m, s (ss)(g 2 GG) (g s qaGq)(g s saGs) 1 /oo\ 

+ 4 + 4 1287T 2 8 T 2 ' [ ’ 

The second criterion is to require that the pole contribution (PC) be larger than 20%: 


PC = ^ 

nj,p i pj !iS!i p/A(oo, T) 


(34) 


Then we obtain an interval T min < T < T max for a fixed uj c . This w c is a free parameter, which is chosen to be around 
3.6 GeV in order to fit the masses of S c (2790) (J p = 1/2 - ) and S c (2815) (J p = 3/2 _ ) |l|. In this case an interval 
0.45 GeV <T < 0.64 GeV is obtained for ui c = 3.6 GeV. 
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To see this clearly, we show the variations of CVG and PC, as defined in Eqs. (El and (l34l) . with respect to the 
Borel mass T in Fig. [3] and the variations of Ah c ,i,i, p and / Ec ,i,i,p also with respect to T in Fig. H From these 
figures, we find that as the curve of CVG quickly increases to its top point around T = 0.54 GeV, the dependence of 
Ah c ,i,i, p and fs c ,i,i, P on the Borel mass T is significant; while as this curve slowly decreases from the top point, the 
dependence becomes much weaker. Accordingly, our third criterion is to require that this dependence be weak (see 
Figs. Hand H for more examples). Finally, we use the new interval 0.54 GeV <T < 0.64 GeV as our working region, 
during which the following numerical results are obtained: 

A Eo ,i,i,p = 1.35±0.13 GeV, (35) 

/e c ,i,i,p = 0.11 ±0.04 GeV 4 . (36) 

In these equations the central values are obtained by fixing T = 0.59 GeV and w c = 3.6 GeV. 



FIG. 3: The variations of CVG and PC, as defined in Eqs. (l32l) and El, with respect to the Borel mass T, when Ji/ 2 ,-,s c ,i,i, P 
is used. We obtain the short-dashed, solid, and long-dashed curves by fixing uj c = 3.4, 3.6, and 3.8 GeV, respectively. 



FIG. 4: The variations of As c ,i,i, P (left) and fs c ,i,i,p (right) with respect to the Borel mass T, when Ji/ 2 ,-,s c ,i,i, P is used. 
We use the working region 0.54 GeV < T < 0.64 GeV, and obtain the short-dashed, solid, and long-dashed curves by fixing 
i j c = 3.4, 3.6, and 3.8 GeV, respectively. 


IV. THE SUM RULES AT THE C*(l/m Q ) ORDER 


In this section we work up to the 0(1 /toq) order. To do this, we use the following Lagrangian of HQET [43l I45l| : 


£ e ff = h v iv ■ Dh v ± 


1 


-V 


1 


- 5 . 


2 TOQ 2 ?UQ 

In this Lagrangian we use /C to denote the operator of nonrelativistic kinetic energy, 

K. = h v (iD t ) 2 h v , 


(37) 


(38) 












































and use S to denote the Pauli term describing the chromomagnetic interaction: 


S — 2 Gmag {/HQ /p)dy(T pL ,G^ h v , 

where the two parameters are C mag {mQ / p) = [a s (mg)/a s (i«)] 3 ^ 0 and /?o = 11 — 2n//3. 
We can write the pole term up to the G(1 /toq) order as 

n (wU = ^¥ + W 


(39) 


2(A + 5m) — oj 
f 2 25m/ 2 


(40) 


_ _ 2fSf 

2A-uj (2A - oj) 2 ’ r 2A - to 


where dmpj^s^p/x and 5fpj uSl}P /x are the corrections to the mass mp t j ltSuP /\ and the coupling constant / F,j t ,si ,p/x■ 
In this paper we shall not consider 5f. To calculate 5m, we consider the following three-point correlation functions: 

Son = * 2 / d\d*ye^-' k ' v x (0\T[J°£%;£^ (41) 

= S[g^ •. .g^-^-^]S 0 n jt p iFJl , si , p/x (uj), 

where O = 1C or S, and §[■ • •] is used to denote symmetrization and subtracting the trace terms in the sets 
(cti • • • (Xj_i / 2 ) and (/3i • • • fij-x/i)- Based on the Lagrangian (1371) . we can write Eqs. (1711) at the hadron level as 


5k.TL{u,W )j,P,F,ji,si,p/\ — 

5sn-(u,u')j,P,F,ji,a ltP /\ = 


PKfj^p/x , / 2 G K (tc') , f 2 G K {oj) 


(2A — w)(2A — a/) 2A-w 2A - oj' 

dMf^F^sup/X , d M f 2 G s {oj') d M f 2 G s {oj) 


2A — oj 


2A — oj' 


(42) 

(43) 


(2A — w)(2A — w') 

where K F j iaip / x , S F,j u si,p/X and 5 m are defined to be 

dX-F,ji,si,p/x = (j> F, ji, Si, p/X\h v {iDp) h v \j, P, F,ji, si, p/\), 

dM^F,ji,si,p/x = (j/ T 5 , F, ji, Si, p/X\~h v o' P i/G^ J h v \j,P,F,ji,si,p/X), 

dM = djj t , 
dji-1/2, j, = 2jz+2, 
djt+i/2,^ = -%ji ■ 

We note that the term S can cause a mass splitting within the same doublet as well as a mixing of states with the 
same j, P, F but different ji, si, p/X. For example, 3/2, —, 3^, 1,1, p) and |3/2, —, 3p, 2, 1, p) can be mixed due to 
this term. However, this effect is found to be negligible in Ref. |72|, so we do not consider this effect in this paper. 
Then we fix u; = u/ and use Eqs. (17U1) . (1771) . and (1771) to obtain 


(44) 


5m 


1 


Fji,si,p/X 


4toq 


{K FJi , bi ,p/x + dMG mag Yi F j usup /x) ■ 


(45) 


We can also calculate Eqs. GD at the quark and gluon level using the method of QCD sum rule [43|,|45|. Again we 
use J l/ 2 ,-,e 0 ,i,i,p as an example. After inserting Eq. (1771) into Eqs. (1711) . and making a double Borel transformation for 
both ui and u/, we obtain sum rules having two Borel parameters T\ and X 2 ; then taking these two Borel parameters 
to be equal, we obtain the following two sum rules for Ks c ,i,i, p and T,s a ,i,i, p - 


fLiPP K ^iX P e~ 2A3Mp 


p/T 


(46) 


1 


6720tt 4 


oj 


13?7i 2 
1792 t r 4 


71 e -v/T d , 15 m s (qq) 6 _ 33 m s (ss) 6 9(ff 2 GG) y6 _ 3m s {g s qaGq) 4 

-I ' 27f2 0—2 ' a A —4 0^-2 


27T 2 


647t 4 


27T 2 


21m 2 (3 2 GG) T 4 _ (g s qaGq)(g s saGs) _ 3m s (qq){g 2 GG) m s (ss)(g 2 s GG) (qq)(g s saGs)(g 2 GG) 1 


256tt 4 8 64tt 2 

(■ ss)(g s qaGq)(g 2 GG ) 1 {g s qaGq)(g s saGs)(g 2 GG) 1 


32t r 2 


64 


64 


2^2 


128 


,2 „- 2 A 3(<? 2 GG) 6 5m 2 s (g 2 GG) ^ , m s {ss){g 2 GG) ^ 

/ Sc ,i,i,pS 3c ,i,i, P e •' - 327T 4 ^ “ 1287T 4 T + -W- T ' 


2^4 ’ 

^ rjiA 


2^2 


(47) 
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Sum rules for other currents with different quark contents are shown in Appendix 1X1 To obtain A± ci i,i,p and £e c ,i,i,p) 
we just need to simply divide Eqs. cm and (H71) by the sum rule K51) . Their variations are shown in Fig.[5]with respect 
to the Borel mass T, and their dependence on T is found to be weak in our working region 0.54 GeV < T < 0.64 
GeV, during which we obtain the following numerical results: 

K ScX i tP = -0.98 ± 0.41 GeV 2 , (48) 

£s c ,i,i,p = 0.035±0.015 GeV 2 . (49) 

In these equations the central values are obtained by fixing T = 0.59 GeV and u) c = 3.6 GeV. We note that this 
dependence is also weak in the interval 0.45 GeV < T < 0.64 GeV demanded by the first two criteria, but the 
numerical results obtained in this interval are almost the same as those obtained in the working region 0.54 GeV 
< T < 0.64 GeV. 


o 






FIG. 5: The variations of Kb c ,i,i,p (left) and Ea c ,i,i,p (right) with respect to the Borel mass T, when Ji/ 2 ,-,s c ,i,i, P is used. 
We use the working region 0.54 GeV < T < 0.64 GeV, and obtain the short-dashed, solid and long-dashed curves by fixing 
u>c = 3.4, 3.6 and 3.8 GeV, respectively. 


V. NUMERICAL RESULTS AND DISCUSSIONS 

We can obtain the weighted average mass for the heavy baryon doublet [H c , 1, l,p] using those results obtained in 

Secs. mm 

i(2m Hc (i/ 2 -)+4m Ec (3/2-)) = m c + (1.35 ± 0.13) GeV - —!—[(—0.98 ± 0.41) GeV 2 ], (50) 

where S c (l/2 _ ) and S c (3/2 _ ) are the two baryons contained in this doublet. At the same time we can also obtain 
their mass splitting: 


m Hc( 3 / 2 -) - m Hc(1/ 2 -) = x 6 x [(0.035 ± 0.015) GeV 2 ]. (51) 

Clearly we find that we should not neglect the O{l/mo) corrections. 

Then we use the PDG value m c = 1.275 ± 0.025 GeV [l] for the charm quark mass in the MS scheme to obtain 
numerical results. Its pole mass may also be used, but then we need to properly fine-tune the threshold value w c to 
fit the physical mass values. This suggests that there are large theoretical uncertainties in our results for the masses 
of the heavy baryons. However, their differences within the same doublet are produced quite well with much less 
theoretical uncertainty because they do not depend much on the charm quark mass and the threshold value: 

m s c (i/ 2 ~) = 2.79T0.15 GeV, 
m s c ( 3 / 2 -) = 2.83 ±0.15 GeV, 
m = c ( 3 / 2 -) - to e c (i/ 2 -) = 42 ± 18 MeV. 


(52) 
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These results are consistent with the masses of 2 C (2790) ( J p = 1/2 ) and S c (2815) ( J p = 3/2 ) as well as their 
difference [T]: 


to h^ 2790 )+ = 27 89. 1 ± 3.2 MeV, m^ 2790)0 = 2791.8 ± 3.3 MeV, 

m H 428 is)+ = 2816 - 6 ± 0-9 MeV, m e ^ p 2815)0 = 2819.6 ± 1.2 MeV, (53) 

?n exp - m exp ps 28 MeV 

=,,(2815) TO H C (2790) iVie V ' 

Besides these two states, there are five other well-observed states, which may be P- wave charm baryons. They are 
A c (2595) ( J p = l/2“), A c (2625) ( J p = 3/2“), £ c (2800) ( J p =? ? ), S c (2980) ( J p =? ? ) and S c (3080) (J p =? ? ) 0. 
Their masses are 


to^p 95 )+ = 2 5 92.25 ± 0.28 MeV, to^ x P 2625)+ = 2628.11 ± 0.19 MeV, 

— m® x P OKncN+ ps 36 MeV, 

exp — 9«m+ 4 M a v ™ ex P — 97Q9+ 14 MoV m ex P = 2806 + y MeV 


— 2792 +14 MeV m exp 
+ — z ' y4 -5 iviev , ''t Ec ( 2800 )° — 


exp 

4 H c (2980) _ 


exp 

9 1 


= 2971.4± 3.3 MeV,m H /^ 2g80 j 0 


c(3080) 


+ = 3077.0 ±0.4 MeV, mV 


(3080)° 


= 2968.0±2.6 MeV, 
= 3079.9 ± 1.4 MeV 


exp 


exp 


W h/( 3080) m H/(2980) ~ ^9 MeV . 


We use the baryon multiplets [3f, 0/1,0/1, p/X] to fit the states A c (2595) (J p = l/2 — ), A c (2625) (J p = 3/2“), 
S c (2790) (J p = 1/2 - ) and S c (2815) (J p = 3/2 _ ), and use the multiplets [6f, 0/1, 0/1, p/X] to fit the states £ c (2800) 
(J p =? ? ), S c (2980) (J p =? ? ) and S c (3080) (J p =? ? ). The procedures are just the same as before. We do not discuss 
the details any more, but summarize the good fitting results in Table U and other results in Table HT1 Considering there 
are no excited Q c observed in experiments, we assume that free parameters w c in the same multiplet satisfy the relation 
w c (fl c ) — uj c ( S(.) = uj c (E ' c ) — w c (£ c ), and use uj c (fl c ) to evaluate masses of baryons. We note that this difference 
is 0.5 GeV for the three baryon multiplets [6f, 1, 0, p], [6^, 2,1, A], and [6f,0, 1,A] among four [6f, 0/1, 0/1, p/X] 
multiplets. 


TABLE I: We use the baryon multiplets [3f, 1,1, p] to fit the states A c (2595) (J p = 1/2 - ), A c (2625) (J p = 3/2 _ ), E c (2790) 
(J p = 1/2“) and S c (2815) (J p = 3/2“), and use the multiplets [6f, 1,0, p] and [6f, 2,1, A] to fit the states E c (2800) (J p =? ? ), 
E c (2980) (J p =? ? ) and S c (3080) (J p =? ? ). The procedures are the same as before, and the good fitting results are summarized 
here. We assume that free parameters cj c in the same multiplet satisfy the relation a> c (S2 c ) — w c (E(.) = w c (E(.) — w c (£ c ), and 
use u; c (S2c) to evaluate the mass of fl c . 


Multiplets 

B 

(GeV) 

Working region 
(GeV) 

A / 

(GeV) (GeV 4 ) 

K E 

(GeV 2 ) (GeV 2 ) 

Baryons Mass 

if) (GeV) 

Difference 

(MeV) 

[3f, 1, l,p] 

A c 

3.1 

0.54 <T < 0.59 

1.16 ±0.13 0.07 ±0.03 

0.99 ± 0.24 0.042 ± 0.014 

A c (l/2") 2.60 ±0.14 

49 ± 16 

A c (3/2") 2.65 ±0.14 

'C 

3.6 

0.54 <T < 0.64 

1.35 ±0.13 0.11 ±0.04 

0.98 ±0.41 0.035 ±0.015 

Ec(l/2“) 2.79 ±0.15 

42 ± 18 

3 c (3/2“) 2.83 ±0.15 

[6f, 1, 0, p\ 

Ec 

3.4 

0.53 < T < 0.64 

1.22 ±0.17 0.06 ±0.03 

1.24 ±0.23 0.013 ±0.006 

E c (l/2") 2.73 ±0.18 

15 ±7 

Ac(3/2) 2.75 ±0.18 

1 c 

3.9 

0.52 < T < 0.70 

1.42 ±0.13 0.10 ±0.03 

1.40 ±0.37 0.010 ±0.006 

Ec(l/2“) 2.96 ±0.15 

12 ±7 

Ec(3/2“) 2.98 ±0.15 

D c 

4.4 

0.51 <T < 0.77 

1.64 ±0.16 0.15 ±0.05 

1.71 ±0.57 0.008 ±0.005 

0/1/2“) 3.25 ±0.20 

10 ±6 

0(3/2“) 3.26 ±0.19 

[6f, 2,1, A] 

E c 

3.0 

0.55 <T < 0.58 

1.10 ±0.13 0.06 ±0.02 

2.43 ± 0.28 0.043 ± 0.012 

£ c (3/2“) 2.80 ±0.15 

85 ±23 

£ c (5/2“) 2.89 ±0.15 

'C 

3.5 

0.53 < T < 0.64 

1.25 ±0.18 0.08 ±0.04 

2.51 ±0.53 0.033 ±0.015 

Ec(3/2“) 2.98 ±0.21 

64 ±30 

E((5/2“) 3.05 ±0.21 

n c 

4.0 

0.52 <T < 0.71 

1.46 ±0.13 0.14 ±0.04 

2.89 ±0.47 0.025 ±0.014 

0(3/2“) 3.27 ±0.17 

50 ± 27 

0(5/2“) 3.32 ±0.17 


During the numerical analyses, we find that all the curves of CVF, PC, A F j lslf) /x, K F j lslp /\, and Vfj^si.p/a 
behave similarly to those shown in Figs. [3][5j although sometimes the working region does not exist. For such cases, 
we choose the Borel Mass T when the PC [defined in Eq. (1M1) ] is around 20%, and show the CVG [defined in Eq. (15^1) ] 
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TABLE II: We use the baryon multiplets [3f,1,0, A], [3f,0, l,p], and [3f,2, l,p] to fit the states A c (2595) ( J p = 1/2 - ), 
A c (2625) (J p = 3/2“), E c (2790) ( J F = 1/2 - ) and E c (2815) (J p = 3/2 _ ), and use the multiplets [6f,1,1,A] and [6f,0, 1, A] 
to fit the states E c (2800) (J p =? ? ), E c (2980) (J p =? ? ) and E c (3080) (J p =? ? ). The procedures are the same as before. Some 
fitting results are not so good and are summarized here. Sometimes the working region does not exist. For such cases, we choose 
the Borel Mass T when the PC [defined in Eq. (13411 ] is around 20%, and show the CVG [defined in Eq. (1321) 1 instead of working 
regions. We assume that free parameters io c in the same multiplet satisfy the relation a> c (fl c ) — a> c (E[,) = a> c (E[.) — cu c ( E c ), and 
use ui c (S2 c ) to evaluate the mass of H c . 


Multiplets 

B 

UJc 

(GeV) 

Working region 
(GeV) 

A 

(GeV) 

/ 

(GeV 4 ) 

K 

(GeV 2 ) 

E 

(GeV 2 ) 

Baryons 

C f ) 

Mass 

(GeV) 

Difference 

(MeV) 


A c 

2.9 

/ T = 0.60 

0.96 

0.03 

-2.27 

0.027 

A c (l/2-) 

2.66 

32 

[3f, 1, 0, A] 

/ CVG = 48% 

Ac(3/2“) 

2.69 


3.1 

/ T = 0.63 

1.06 

0.04 

-2.46 

0.025 

3c(l/2-) 

2.79 

29 



/ CVG = 47% 

Ec(3/2“) 

2.82 

[3f, 0,1, p] 

Ac 

3.5 

/ T = 0.73 
/ CVG = 50% 

0.99 

0.03 

-1.77 

0 

A c (l/2-) 

2.61 

- 

L —‘C 

3.1 

/ T = 0.76 
/ CVG = 77% 

1.18 

0.04 

-2.09 

0 

Sc(l/2-) 

2.87 

- 


Ac 

3.6 

/ T = 0.59 

1.34 

0.08 

-0.23 

0.050 

A c (3/2-) 

2.60 

98 

[3f, 2,1, p] 

/ CVG = 43% 

A c (5/2-) 

2.70 


4.0 

/ T = 0.66 

1.51 

0.13 

-0.51 

0.040 

Ee(3/2-) 

2.84 

79 


1 —'C 

/ CVG = 34% 

Ec(5/2-) 

2.92 

[6f, 0, 1, A] 

E c 

2.9 

/ T = 0.57 
/ CVG = 36% 

1.10 

0.05 

-2.28 

0 

E c (l/2-) 

2.82 

- 

1 —'C 

3.4 

0.54 < T < 0.61 

1.30 ±0.11 

0.07 ±0.02 

-2.23 ±0.42 

0 

Ec(l/2") 3.01 ±0.14 

- 


He 

3.9 

0.54 < T < 0.66 

1.50 ±0.09 0.11 ±0.03 

-2.39 ±0.65 

0 

Hc(l/2") 3.25 ±0.16 

- 



3.5 

0.64 < T < 0.67 

1.07 ±0.11 

0.05 ±0.01 

-2.40 ±0.28 

0.032 

E c (l/2-) 

2.79 ±0.13 

38 ±9 



±0.008 

Ec(3/2-) 

2.82 ±0.13 

[6f, 1,1, A] 

/ 

3.5 

/ T = 0.70 

1.18 

0.06 

-2.81 

0.032 

Sc(l/2-) 

2.98 

37 

1 —'C 

/ CVG = 40% 

Hc(3/2-) 

3.02 


He 

3.5 

/ T = 0.71 

1.27 

0.08 

-3.01 

0.029 

H c (l/2-) 

3.11 

34 


/ CVG = 43% 

H c (3/2-) 

3.15 


in Table ITT1 instead of working regions. The sum rules in such cases are not good, suggesting the relevant states are not 
dominated by the components related to the currents used. Moreover, when CVG is larger than 50%, the high-order 
power corrections are already larger than the perturbation term. The sum rules in such cases are bad, suggesting the 
relevant states should not significantly contain the components related to the currents used. In these cases we do not 
evaluate the error bars for simplicity. 

Our conclusions are the following: 

1. The baryon doublet [3^,1, l,p] contains A c (l/2 _ , 3/2 _ ) and S c (l/2“, 3/2 _ ); see Table [0 We use them to 
perform QCD sum rule analyses, and the obtained masses as well as their splittings are well consistent with 
the observed states A c (2595) ( J p = 1/2"), A c (2625) (J p = 3/2“), S c (2790) ( J p = 1/2"), and S c (2815) 
(J p = 3/2-) Q. Our results suggest that these states contain [3 F , 1,1, p] components. Indeed, these states can 
be well described by the heavy doublet [3 f, 1, l,p], and they complete two SU( 3) 3f multiplets of J p = 1/2“ 
and 3/2“. 

2. The baryon doublet [6 .f, 1,0, p] contains E c (l/2 _ ,3/2 _ ), S(,(l/2 _ , 3/2 _ ), and S2 c (l/2 - , 3/2 _ ); see Table Q] We 
use them to perform QCD sum rule analyses, and the obtained results are consistent with the observed states 
E c (2800) (J p =? ? ) and S c (2980) (J p =? ? ) Q. As an example, we show the variations of Ah^i,o, p , /h;,i,o,p, 
Ah;., i,o ,p and E~;,i,o,p with respect to the Borel mass T in Fig. [Gl when Ji/ 2 ,-,e' c ,i,q, p is used. Our results suggest 
that these states contain [6p, 1,0, p] components. Our results also suggest that there are two E c (2800) states of 
J p = 1/2“ and 3/2“, whose mass splitting is 14 ± 7 MeV; there are two S c (2980) states, whose mass splitting 
is 12 ± 7 MeV; there are also two f2 c states of J p = 1/2“ and 3/2 _ , whose masses are around 3.25 ± 0.20 GeV 
with mass splitting 10 ± 6 MeV. 

3. The baryon doublet [6jr, 2,1, A] contains E c (3/2 _ , 5/2 _ ), E' c (3/2~, 5/2 _ ), and D c (3/2 _ , 5/2 _ ); see TableO] We 
use them to perform QCD sum rule analyses, and the obtained results are consistent with the observed states 
E c (2800) (J p =? ? ), S c (2980) (J p =? ? ), and S c (3080) (J p =? ? ) [l[. As an example, we show the variations 
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FIG. 6: The variations of fs' c ,i,o, P , Ks> ,i,o,p, an d Sa',i.o,p with respect to the Borel mass T, when Ji/2,-,3' ,i,o,p is 

used. We use the working region 0.52 GeV < T < 0.70 GeV, and obtain the short-dashed, solid, and long-dashed curves by 
fixing u! c = 3.7, 3.9, and 4.1 GeV, respectively. 


of Ah' c ,2,i,a> fz' c , 2,i,Aj if s', 2,1,A; and Se',2,i,a with respect to the Borel mass T in Fig. [7] when J3/2,—,s' ,2,1 ,a is 
used. Particularly, we obtain a mass splitting 64 ± 30 MeV between two S', states, which is not far from the 
mass difference 109 MeV between £ c (2980) and £ c (3080), suggesting that S c (3080) may be the 5/2“ partner 
of S c (2980). If this is the case, E c (2800) and O c (3/2 _ ) may also have 5/2“ partners, whose masses are 85 ± 23 
MeV and 50 ±27 MeV larger. However, we do not draw firm conclusions here because there are many excited £ c 
states theoretically, and S c (3080) may belong to other baryon multiplets and have different quantum numbers 
other than 5/2“. 

4. Other not so good results are listed in Table HT1 for completeness, where not all the working regions exist. We 
do not use them to draw any conclusion, but just note that the present sum rule analysis finds a better working 
window by the p mode, while the A mode also provides reasonable results consistent with the experiments: a) 
the mass splittings obtained by using the baryon doublet [3_f, 1,0, A] are very well consistent with the observed 
states A c (2595), A c (2625), S c (2790), and £ c (2815) :1;], suggesting that these states may contain [3^1,0, A] 
components; b) the sum rule to calculate the O c (l/2 _ ) mass using the baryon doublet [6 _f, 0,1, A] does have a 
working region, and the obtained result is around 3.25 ± 0.16 GeV, supporting the above analyses. 

Summarizing all these results, we have studied the P -wave charmed baryons using the method of QCD sum rule 
in the framework of HQET. We have calculated their masses up to the 0(1 /toq) order, the results of which have 
large theoretical uncertainties. We have also calculated their mass splittings within the same doublet, the results of 
which are reproduced quite well with much less theoretical uncertainty. Our results suggest that the four observed 
states A c (2595) ( J p = 1/2"), A c (2625) ( J p = 3/2"), £ c (2790) (J p = l/2~)_and 2 C (2815) (J p = 3/2") can be well 
described by the heavy doublet [3^,1,1,p] and they complete two 517(3) 3 p multiplets of J p = 1/2“ and 3/2 _ . 
The 5/7(3) 6^ multiplets are more complicated. Our results suggest that E c (2800) (J p =? ? ) and 5 C (2980) (J p =? ? ) 
belong to these multiplets, but there are two E c (2800) states of J p = 1/2“ and 3/2“ whose mass splitting is 14 ± 7 
MeV, and two £ c (2980) states whose mass splitting is 12 ± 7 MeV. They have two O c partners of J p = 1/2“ and 
3/2 _ , whose masses are around 3.25 ± 0.20 GeV with mass splitting 10 ± 6 MeV. All of them together complete two 
577(3) 6p multiplets of J p = 1/2“ and 3/2”. They may have three J p = 5/2“ partners. £ c (3080) (J p =? ? ) may be 
one of them, and the other two are E c (5/2 _ ) and O c (5/2 _ ), whose masses are 85 ± 23 and 50 ± 27 MeV larger. 
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Borel Mass [GeV] Borel Mass [GeV] 

FIG. 7: The variations of A=v j2 ,i,a, fs' c , 2 ,i,\, Kr 1 and £h', 2 ,i,a with respect to the Borel mass T, when J 3 / 2 ,-,s', 2 . 1 , a is 
used. We work in the region 0.53 GeV < T < 0.64 GeV, and obtain the short-dashed, solid, and long-dashed curves by fixing 
Lo c = 3.3, 3.5, and 3.7 GeV, respectively. 


To end our paper, we note that in a nonrelativistic model of attractive potential of the form (distance) 71 , the 
excitation energies of the A mode should appear lower than the corresponding one of the p mode for a positive power 
n, while this order interchanges for a negative n (n must satisfy n > — 1 for stable solutions to exist). Thus, our 
present analysis implies that further investigations would be needed to clarify the nature of heavy baryon excitations, 
while the conventional quark model results seem reasonable with lower A modes 0- Another related subject is the 
P -wave bottom baryons, which can be similarly studied, and we are now doing these analyses. Particularly, the mass 
difference between £(,(l/2 _ ) and £(,(3/2 _ ) for the baryon doublet [3^, 1,1 ,p\ can be roughly estimated, and the result 
is around (see Table Q| 

TO Ei,(3/2-) - TO £ b (i/2-) ~ Cmag x —x 6 x [0.042 GeV 2 ] « 12 MeV, (54) 

4 777/5 

where we have used C ma g ~ 0.8 [H,|45| and mb = 4.18 GeV fli]. It is consistent with the mass difference of £(,(5912) 
(J p = 1/2") and £ b (5920) (J p = 3/2") Q. 
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Appendix A: Other Sum Rules 

In this appendix we show the sum rules for other currents with different quark contents: 

TT , _ f 2 — 2Aj io,p/T 

li l/2,-,S c ,l,0,p — /S c ,l,0,p e 

r° r 1 7 ^ - W /Tj 3(p 2 GG) 4 g s qaGq){qq) (g s qaGq ) 2 1 

~J 0 [ 3584^ W]e -4-16-T 2 ’ 

/l c , i,o/s c ,i,o/" 2Iec ' 1Ap/T 


1 


/o 17920 tt 4 
(g s qaGq) 2 {g 2 s GG) 1 


w 9 ]e-“ /T dw + 


5{g 2 GG) 6 _ (g s qaGq) 2 (g s qaGq)(qq){g 2 GG) 1 

256tt 4 16 64 


256 

/E c ,i,o,p^s c ,i,o,pe 


y4 


-2Ae c ,i, 0 , p /T _ (g^GG) 6 


647T 4 


rj-iO 


J 1 2 


(Al) 


ni/ 2 ,i,o,pk.r) = fl M e ~ 2Ks '^ oJT 


1 7 3m 

a; — 


' 2m £ 


l 3584tt 4 


..51 .-b/Tj,, 3 m s{qq) t -,4 , 9to s (ss)^ 4 3{g s GG) ^ 
3207t 4W ]e duJ ~ ~8^ T + ^6^ T ~ ^12^ T 


^m 2 (g 2 GG) t2 + ( g s qaGq)(ss ) + (, g s scrGs)(qq ) _ m s (ss)(g 2 GG) (g s qaGq)(g s saGs) 1 


256tt 4 

/!', i.o.p^H'.po.pe- 2 ^' 1 - 0 - 77, 

r c r 1 a 47m 2 


128tt 2 


16 


^2 


' 2m s 


17920tt 4 


w 


17920tt 4 


w 7 ]e _w/T (iw + 


15m s (gg) 6 6m s (ss) 6 5{g 2 GG) 


47r 2 


_^~’b _ 


_^u 


256tt 4 




(A2) 


3m s (g s qaGq) 4 _ 3m 2 (g 2 GG) 4 _ (, g s qaGq){g s saGs) _ 3m s (qq)(g 2 GG) m s (ss)(g 2 GG) t2 

4t r 2 64 tt 4 16 128tt 2 128tt 2 

(qq)(g s saGs)(g 2 GG) 1 (g s qaGq) (ss) (g 2 GG) 1 ( g s qaGq)(g s saGs)(g 2 GG) 1 


128 




128 


T 2 


256 


rp 4 


/I i n „E S 


l,0,p^S^,l,0,/9^ 


- 2 A S , , lj0 , p /T _ {g 2 s GG ) T 6 _ m 2 s {g 2 GG) ^ 4 m s (ss){g 2 GG) 


647T 4 


128tt 4 




192tt 2 


rj ~iZ 


ni/ 2 ,-,n c ,i,o,P — /o c ,i,o,p e 2Ao e> i '0’' , / T (A3) 

Pr 1 ..7 9m 2 ..5 , 9?n 4 3] w/T . 3m s (ss) 4 3(g 2 GG) 4 3m3(ss) 2 , 3m 2 (g 2 GG) 2 

~ J Am } 3584^^ " 640^ + 64^ w]e du + ~8^ T ^12^ T “ + 128^ 2 T 

m 2 (ss} 2 {g s saGs)(ss) m s (ss)(g 2 GG) ( g s saGs ) 2 1 


+ - 


16 T 2 ’ 


4 647T 2 

f 2 -2An 1 o lP /T 

JQ c ,l,0,p K ^c,l,0,p e 

,9 , 7 /T _ 9ms(ss)_ 6 5(g|GG) 6 _ 3in s {g s saGs) ^ 4 _ 15m 2 (ff 2 GG) ^ 4 

J J e aU; 27T 2 ^ ^ 1 0^2 1 1 


1 Q 9m« 

rCJ 


/ 4m s 


17920tt 4 2240tt 4 


27T 2 


(g s saGs) 2 m s {ss){g 2 GG) y2 ( ss){g s saGs){g 2 GG ) 1 m 2 (ss) 2 (g 2 GG) 1 ( g s saGs) 2 {g 2 GG ) 1 


16 


32tt 2 


64 
.2/„2/ 


^2 


128 
2 / 


2^2 


256 


y4 ’ 


/n o ,l,0,p^ftc,l,0,p e 


-2An c ,i.o ,,/t = (g s 2 GG) r6 _ m 2 (g 2 GG) ^ m s {ss){g 2 GG) m2 


647T 4 


647T 4 


rj-iQ 


967T 2 




TT , , _ f 2 p — 2 Aa o.l.p/T 1 

11 l/2,-,A c> 0,l,p — /A c ,0,l,p e 


(A4) 


1 


179207T 4 


w 7 ]e U / T du + 


{g 2 s GG) 4 (, gsqaGq) {qq) _ {g s qaGq) 2 1 
512tt 4 4 16 T 2 
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f2 T<- „ —2Aa 0,1 ,p/T 

/A c ,0,l,p A Ac,0,l,pe 


1 


/o 1 80640 tt 4 
{g s qaGq) 2 {g 2 s GG) 1 


, 9 i - W /T W _ 13 ( 9 sGG) _ {g s qaGq) 2 (i qq){g s qaGq){g 2 GG ) 1 

J W 256tt 4 ,e + ^ rr ‘ 


256 T 4 ’ 

f2 y „ —2 Aa c ,o,i,p/'T _ n 

/A c ,0,l,p A A c ,0,l,pe P — U. 


16 


64 


T 2 


n 1 / 2> -, ac ,o > i,P = fs c ,o,i,p e ~ 2Asc ’°’ 1 ’ p/T (A5) 

r 1 7 i — oj/t i , _ 3TOs(gg) ^4 _ 3rns(£s) 4 (sfGG) 4 (, g s qaGq){ss) 

J2m s 179207T 4 8tT 2 167T 2 5127T 4 8 

( g s saGs)(qq) _ ( g s qaGq)(g s saGs ) 1 
+ 8 16 T 2 ’ 

fl c , oa.p^HcO.i.pe- 2 ^’ 0 -^/^ 

r°r 1 ..9, rI 7 lr - w /T. . . 15m s (gg) 6 3m s (ss) 6 13( 5 2 GG) 6 

~ J 2m h 80640^ W + 3584^ W]e dU + 4tt 2 T ~ “ 256tt 4 T 


3 m s (g s qaGq) 4 _ 3 m 2 (g 2 GG) 4 _ (, g s gaGg)(g s saGs ) _ 3 m s {qg){g 2 GG) 2 m s (ss)(g 2 GG) 2 
47t 2 2567t 4 16 1287T 2 1287T 2 

(qq)(g s s<jGs)(g 2 GG) 1 ( ss)(g s qaGq)(g 2 GG) 1 ( g s qaGq)(g s saGs)(g 2 GG) 1 


128 

/! c ,o,i,p S s:c,o,i,pe 


2 1 2 

— 2As c ,o,i,p/T 1 — 


128 


y2 


256 


2^4 


= 0 . 


tt _ f2 — 2 Aa c ,i,i, p/T 

Hl/2,-,A c ,l,l,p — /A c ,l,l,p e 


3 7i „- w /Tp (dsGG) 4 (g s qaGq)(qq) {g s qaGq) 2 1 

J 0 [ 4480^ w]e dW__ 64^ T+ -2-8-7^ 


, 0 44807T 4 J 64tt 4 

f 2 TA. — 2Aa c ,i,i,p/T 

•lA c ,l,l,p A A c ,l,l,pe 


1 


6720tt 4 


9 i -co/Tp , 9(dsGG) (g s qaGq) 2 (qq)(g s qaGq)(g 2 GG) 1 
J d + 64 tt 4 5 - + -™^ 


32 


y2 


(g s qaGq) 2 (g 2 GG) 1 


128 


2^4 


f 2 _- 2 A a „.i.i. 0 /t 3 {g 2 s GG) o 

/A c ,l,l,p A A c> l,l,pe - 327r 4 4 • 


TT , , _ f 2 „ —2 Aa c ,2,i, p/T 

11 3/2,-,A c ,2,l,p — jA C) 2,l,p e 

r c r 1 7l ^/Tj 65(g 2 GG) 4 5 (g s qcrGq)(qq) 5{g s qaGq) 2 1 

Jo fc u]e ' ^ " “576^ + -9-36-T 2 

2 fr', 2Aa c ,2,i,p/T 

A c ,2,l,p A A c> 2,l > pe 


f 2 2Aa c ,2,i,p/T 

/A c ,2,l,p A A c> 2,l,pe 


,2,l,p J AA c ,2,l,pe 

r c i 41 91 —w/t p , 1069(5 ,2 GG) 6 (g s qaGq) 2 5{qq)(g s qaGq}(g 2 GG) 

l 0 h 362880^ Je 1152 tt 4 ' 9 + 144 

^(o^naCro) 2 (a 2 CrCr) 1 


J Q UUiiUUU/l 

5 (g s gcrGq) 2 (g 2 GG) 1 
576 T 4 


'J 1 2 


j -2 V. c - 2 A a „. 2 .!.jt _§(g 2 s GG) 

/A c ,2,l,p A A c> 2,l,pe - 4g7r 4 


rji6 


(A6) 


(A7) 


TT _ f2 — 2As 2 , 1 , p/T 

II3/2-,5 C ,2,1,P - /S c> 2,l,p e 


(A8) 



16 


to ; 


+ 


5 i -w/t , _ 5 rrisigg) 4 5to s (ss) 4 _ 65{g 2 GG) 4 5 m 2 (g 2 GG) 2 
2ma L 20167r 4 ~ 647 t 4 ~ £ W 67r 2 67 t 2 5767t 4 1287t 4 

5(g s qcrGq)(ss) 5(g s saGs)(qq) 5m s (ss)(g 2 GG) 5(g s qaGq)(g s saGs) 1 


192tt 2 


36 


J^2 


18 18 

f2 p -2As c ,2,i,p/T 

r c r 41 9 , 53m s 7 ! -«/Tj , 26TO s (gg) 6 37 m s (ss) 6 1069(g 2 GG) 6 

~ ] 2m h 362880^ W + i0080^ wle ^ + 3 tt 2 T ~ + 1152tt 4 T 


+ 


llTO^gsggG'g) 4 _ 89 m 2 s {g 2 GG) 4 _ (, g s gaGq)(g s saGs) _ 5 m s {qq){g 2 GG) 2 llTO a (ss)(ggGG) 2 
67 t 2 3847t 4 9 967t 2 1447T 2 

5{qq){g s saGs)(g 2 GG) 1 5 (ss)(g s qaGq)(g 2 GG) 1 5(g s qaGq)(g s saGs)(g 2 GG) 1 


288 


y2 


288 


y2 


576 


2^4 ’ 


/l c ,2,l,p^H c ,2,l )( j 


- 2 K Sc , 2 ,i, p /t = 5(g 8 2 GG) T e __ 5 m 2 (g 2 GG) r4 5 m s (ss)(g 2 s GG) r2 


48tt 4 


128tt 4 


2" I 


288tt 2 


rj-iZ 


n i/2 -,A C ,1,0,A = /A c ,l,0,A e 2Aa <=’ 1 -°' a/T 


r% 3 7 _ w/T , (g 2 GG) 4 (g s qaGq)(qq) (g s qaGq) 2 1 

X [ 17920^ Wje dw “^12^ T+ 4 16 T 2 ’ 


/i,i,o,A^,i,o,Ae- 2A — /T 


1 


20160tt 4 


,91 -u,/T , , _ {9^GG)_ 6 _ 5 {g s qaGq ) 2 (g s qaGq)(qq){g 2 s GG) 1 

-I 6 ^ 327T 4 ' i no / T 1 ! 


16 


192 


2^2 


(g s gaGq) 2 (g 2 GG) 1 
768 T 4 


f 2 y. , „ . p _2A a c ,i,oa/ t — (ffsGG) 6 

/ AcIjOjA^AcIjOjA^ 64^4 ^ 


(A9) 


ni/2,-,H c ,l,0,A(w c ,7 1 ) — /l c> 1,0,A e 


-2A=„ 


x/r 


3 7 3to 

w — 


' 2m s 


L 17920t r 4 


51 - W /T , _ 3TOs(gff) 4 3m s (ss) 4 _ (g|GG) 4 
6407T 4 87T 2 167T 2 512tt 4 


| rn 2 (g 2 GG) t2 t (g s qaGq)(ss ) | ( g s saGs)(qq ) m s (ss)(g 2 GG) (g s qaGq)(g s saGs ) 1 


256tt 4 
fs c ,i,o,\ K s c ,i,o,\e 

1 


384tt 2 


16 


2^2 


' 2m s 


20160tt 4 


33 to; 
17920tt 4C 


71 ,-,/Tj , 15to. s ( 95)^6 1 hn s {ss) rr& ( g 2 GG )^ 6 

J e + 47r 2 4 /f_2 4 oo_4 4 


47T 2 


32tt 4 


m 2 (g 2 GG) _ 5 (g s qaGq)(g s saGs) _ m s (qq)(g 2 GG) y2 m s {ss){g 2 GG) ^ 2 
64tt 4 16 128tt 2 384tt 2 

(qq){g s saGs)(g 2 GG) 1 (g s qaGq)(ss)(g 2 GG ) 1 {g s qaGq)(g s saGs)(g 2 GG) 1 


384 


y2 


384 


2^2 


768 

,2/ 


y4 ’ 


/e c , l,0,A S H c> l,0,Ae 


2 A Hcj1 , 0 ,x/t = (. 9 sGG) t6 _ m 2 (g 2 GG) ^ 4 + m s (ss)(g 2 GG) 


647T 4 


128tt 4 


T 4 + 


192tt 2 


rj-iz, 


(A10) 


ni/2,-,E c ,0,l,A — /s c , 0,l,A e 2Ae <=’°’ 1a / T 

pr 1 7 i —w/T i , 3(g 2 GG) 4 (g s qaGq)(qq) {g s qaGq ) 2 1 

"X [ 2560^ Wje rfw + ^12^ T + 4 16 T 2 


f 2 . p—2A E 0 i x/T 

/Ee.O.l.A-^-ScO.l.A 6 


1 


7680tt 4 


9 i - w /t . _ ll(ff 2 GG) 6 _ 5(g s qaGq} 2 (qq)(g s qaGq}{g 2 GG) 

J " 1 oo_4 1 ' 1 no 


128tt 4 


16 


192 


y2 


(All) 
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{g s qoGqY {gjGG) 1 
768 T 4 ’ 

f 2 TV . P -2A S o i x/T __ n 

/Se.O.l.A^ScO.l.Ae c — U . 


ni/2,-,H^,0,l,A — /e', 0,1,> 


1 7 9m 

:W — 


51 —ui/t , _ 3 m s {qq) 15m 8 (as) ^ 4 

6407T 4 87T 2 107T 2 


/2m s L 25607T 4 

, 3(g 2 GG) 4 (g s qaGq)(ss) (g s saGs)(qq ) ( g s qaGq)(g s saGs ) 1 


512tt 4 


-T + 


16 


2^2 


2 r ^ —2A W / q \/T 

E^0,l,A^H',0,l,Ae -<=> 0 , 1 , 

r c r 1 .. 9 , lllm ? ,. 7 lr -u»/T J.. . 15m s (gg) 6 12m s (ss) 6 ll(g s 2 GG) 6 

; i 2ms h 7680^ W + 17920^ w]e ^ + 4 tt 2 T “ 128^ 4 T 

m 2 s {g 2 s GG) 4 _ 5 (g s qaGg)(g s saGs) _ m s {gq)(g 2 GG) 2 m s {ss){g 2 GG) 2 
2567r 4 16 128 tt 2 3847r 2 

(qq)(g s saGs) (g 2 GG) 1 ( ss)(g s qaGq)(g 2 GG) 1 ( g s qaGq){g s saGs)(g 2 GG) 1 


fk 


,0,1,A 


384 T 2 

SE'o.i.Ae" 2 ^' 0 - 1 '^ =0. 


384 


2=2 


768 


2=4 


(A12) 


ni/2,-,n c ,o,i,A — fn c ,o,i,\ e 2Ar *<=’°’ 1 ' x / T 

_ f Uc r 1 , .7 3m 2 5 15m 4 3 /T 9m s (ss) 4 3(g 2 GG) 4 

-] im [ 2560^ W ~128^ W + 64^ w]e du + + ~512^ T 


3ml{ss)_ T2 (g s saGs)(ss) | 3?n 2 (ss) 2 ( g s saGs ) 2 1 


16 T 2 


(A13) 


27r 2 ' 4 

fLoA^Me-^.o^/T 

, 9 , o,,* s 7 , /T _ 33 m.sjss) ^ __ 1%|GG) 6 m 2 s (g 2 GG) ^ _ 5(g s saGs) 2 

■I 27T 2 ioo^4 ' qk£^ 4 i £ 


/ 4m s 


1 g | 3m 2 
7680tt 4W + 280V 4 


16 


m. s {ss)(g 2 GG) t2 | ( ss){g s saGs)(g 2 GG ) 1 m 2 (ss) 2 (g 2 GG) 1 ( g s saGs) 2 (g 2 GG) 1 


96tt 2 1 192 

f 2 Vo ni , p-2Afi o.i.x/T _ n 

/ncO.i.A^^cQ.i.Ae — u. 


2=2 


1152 T 2 


768 


2=4 ’ 


ni/2,-,E c ,l,l,A — /l c ,l,l,A e 2Ae ‘=> 1 > 1 ' x ' /T 

pr 1 7 i —oj/t j idsGG) 4 (g s qaGq)(qq) (g s qaGq) 2 1 

"7 0 [ 4480^ WJe dw__ 64^ T+ 2 8 T* ’ 

/s c ,i,i,A-^s.,i,i,Ae _2AEc ’ 1 ’ 1 ’ x/T 


1 


13440tt 4 


. 9 -, - W /T= 3(g 2 GG) rp6 5(g s qaGq} 2 t {qq}(g s qaGq}{g 2 GG) 1 
Je W+ 32 tt 4 ° + nG 


96 


2^2 


(. 9sq<jGq) 2 (g 2 GG ) 1 


384 


2=4 ’ 


f 2 y_ , , , p -2A Sc .i,i.x/t (g«GG) 6 


(A14) 


ni/2,-,H^l,l,A — /hJ.,1,1,T 


3 -2A s / )1)1)A /T 


1 7 3 m 

CJ — 


l 4480tt 4 


-w 5 le- w/T rfw - 3 TOs ^ t 4 - + m ^ 9sGG '> T 2 

6407T 4 4-7T 2 647T 4 2 567T 4 


(A15) 
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(g s qaGq)(ss) ( g s saGs)(qq ) _ m s (ss)(g 2 GG) _ ( g s qaGq)(g s saGs) 1 

4 + 4 384tt 2 8 T 2 ’ 




~ 2A a / i i \/T 


^TW 7 le-“/ r du 


13440^ + 1280^ Wje dW ' 


15m s (gq) 6 _ 3 m s {ss) 6 3(g 2 s GG) 6 _ 7 m 2 s {g 2 s GG) 4 
27t 2 27t 2 327t 4 2 567T 4 


5(g s qaGq){g s saGs) _ m s {qq)(g 2 GG) 2 m s (ss)(g 2 GG) 2 (qq)(g s soGs){g 2 GG) 1 
8 64tt 2 96tt 2 192 T 2 

(ss)(g s qaGq)(g 2 GG) 1 _ (g s qcrGq){g s soGs)(g 2 GG) 1 
+ 192 T 2 384 T 4 ’ 

f 2 v- r - 2 4- 11 j/t (9s GG ) 6 m 2 {g 2 GG) . 


TT , _ _ f 2 „ —2A (1 

±a i/ 2,—,ri c ,i,i,A — /n c ,i,i,A e 

f c r 1 71 ,-w/Tj 3 to s (ss)^4 {gjGG )^ 4 , 3m 3 s (ss)^ m 2 {g 2 GG) 

" J 4m }mO^ U Je du} ~^2^ T ^ 47T 2 T + 128tt 4 T 

( g s soGs)(ss ) _ m 2 (ss) 2 _ m s (ss)(g 2 GG) _ (, g s saGs ) 2 1 
2 2 192tt 2 8 T 2 ’ 

/n C) i,i,A^n.,i,i,Ae" iXn - 1 - 1 ' A/r 


13440tt 4 2240tt 4 


71 - W /Tj , 12to s ( ss )^6 , H&GG)^ 6 m 2 (g 2 GG)5(g s soGs ) 5 
; je aw + a + 00 _4 4 oo _4 4 o 


m s (ss){g 2 GG) 2 {ss)(g s soGs)(g 2 GG ) 1 _ m 2 s (ss) 2 {g 2 GG) 1 _ (, g s soGs) 2 (g 2 GG ) 1 

96tt 2 96 T 2 576 T 2 384 T 4 

G So , , Ae -2A nc ,i, 1 , x /T = T 6 _ m 2 ( 9 2 GG) T , 

Jn c , 1,1,A f2 c ,l,l,A qo_ 4 fi/l-^-4 


n3/2,-,E c ,2,l,A = /l c ,2,l,A e 2Ae <=’ 2 ' 1 ' x/T 

r° r 1 71 - U /Tj 5(<7 2 GG) 4 5 (g s qaGq){qq) 5(g s qoGq) 2 1 

-y 0 [ 2016^ wJe ^"^92^ T + 9 36 T 2 ’ 

/s ei 2,l ) A^ c ,2,l ) Ae- 2A ^’ 2 ' 1 - x/T 

r°r 1 91 —w/t j , 205( 5 s 2 GG)^ 6 13( 5s gaGg) 2 , 5 (qq)(g s qoGq)(g 2 GG) 1 

-J 0 h 5760^ wJe 1152 tt 4 T 18 + 432 T 2 

5(g s qaGq) 2 (g 2 GG) 1 


f2 ^ c -2Aj,„. 2 .,.x/T _ 5(9s GG ) T 6 

te: c ,2,i,\^Xc,2,i,\e — ,o 4 — 4 • 


n3/2,-,H',2,l,A — fi' c ,2,1,\ e 


-2A S / 2 i 


51 -u,/T , , _ , 5to 8 (ss) ^4 _ %|GG) 4 5 m 2 {g 2 GG) 


i 2 m/20167r 4a; 647 t 4W j6 W 6 tt 2 6tt 2 192tt 4 384tt 4 

5 (g s qoGq)(ss) 5 (g s soGs)(qq) _ 5 m s (ss)(g 2 GG) _ 5(g s qoGq)(g s soGs) 1 
+ 18 + 18 576tt 2 36 T 2 ’ 

/*2 7/ —2A^/ 2 i \/ r ^' 

/h', 2 ,i, \K S ' c , 2 ,i,\e “= l2 ’ 1 ' A/ 


5760tt 4 672tt 4 


7 i —uj/t i , 26 m s {qq) rr6 37 m 3 (ss) ^ , 205(5 2 GG}^ 6 89m 2 (g 2 GG) ^ 

J \e 010 + o _ 2 4 o_2 4 -t- H527T 4 11CO-4 4 


11527T 4 


lZ{g s qaGq){g s saGs) _ 5m s {qq)(g 2 GG) 2 llm s (ss)(ggGG) 2 5 (qq)(g s soGs){g 2 GG) 1 

18 288tt 2 + 432tt 2 + 864 T 2 
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5 {ss)(g s qaGq)(g 2 GG) 1 5(g s qaGq)(g s saGs)(g 2 GG) 1 


864 


rp2 


1728 


rp 4 > 


fi' a , 2,l,A S 3' c ,2,l,Ae 


-2A a /, 2 , 1iX /t _ 5(ffgGG) t6 _ 5 m 2 s {g 2 s GG) ^ 4 ^ 5m 8 (ss)(g 2 GG) 


48tt 4 


128tt 4 


^4 


288tt 2 




TT _ f2 „ — 2Afi 2,1 ,x/T 

1 


r r 1 r _ , 5m s , . 3 i — ujI t j _ %|GG)_ 4 _ 5m|(ss> 2 5m 2 (g 2 GG) 2 

7 4m(i 20167T 4 48 tt 4 24tt 4 J 192tt 4 6tt 2 192tt 4 

F/-r/^o\2 


+ 


5(g s saGs)(ss) 5 m s (ss)(g 2 GG) 5(g s saGs) 2 1 


9 288tt 2 
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